Anomalous behavior of the first excited + state in iV « Z nuclei 
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A study of the energies of the first excited + states in all even-even Z > 8 nuclei reveals an 
anomalous behavior in some nuclei with N = Z, Z ± 2. We analyze these irregularities in the 
framework of the shell model. It is shown that proton-neutron correlations play an important role 
in this phenomenon. 
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A topic of current interest and varying interpretations 
is the nature of excited J 71 " = + states in nuclei. Tra- 
ditionally, the lowest excited + states in even-even de- 
formed nuclei have been interpreted as vibrations [I . 
In recent years, various papers 01 have dis- 
cussed the lowest K = + excitation as a collective excita- 
tion built on the 7 vibration. The observation of numer- 
ous excited + states in 158 Gd 7] prompted several theo- 
retical interpretations. These include their description as 
two-phonon octupole in character or as quasi-particle 
excitations based on the projected shell model 9]. In light 
nuclei, descriptions in terms of pairing vibrations, multi- 
particle - multi-hole intruder states and isobaric analog 
states have been discussed for decades. Nevertheless, to 
date, a complete understanding of the origin of excited 
+ states remains elusive. 

The purpose of this Rapid Communication is twofold. 
First, we will show a striking, and heretofore unrecog- 
nized, anomaly in 0^" energies that occurs in certain (but 
not all) light nuclei with N = Z, N = Z ± 2. Secondly, 
we will present shell model calculations that show the 
significant role of the T = part of the residual proton- 
neutron interaction in these anomalies. 

With the high current interest in N ~ Z nuclei and 
the likelihood that new examples of such nuclei will be 
studied in greater detail with exotic beam experiments in 
upcoming years, the discovery of new phenomena in such 
nuclei takes on heightened interest. Looking over the 
entire nuclear chart, the trend of first excited + energies 
exhibits an interesting behavior. To compare nuclei over 
a wide range of structures, we normalize the energy of the 
O2 state by the energy of the 2\ state, defining -R0/2 = 
E(0+)/E(2+). This R 0/2 ratio is plotted as a function of 
the energy of the first 2f state in Fig. 1, for all even-even 
nuclei with Z > 8. For the majority of nuclei, the i?o/2 
ratios follow a compact trajectory. There are, however, 
obvious deviations from this trajectory: 7 points which 
clearly stand out above the main trajectory. 

Interestingly, the deviations in Fig. 1 comprise a set of 
nuclei with N = Z and N = Z ± 2, specifically 20 ' 22 Ne, 
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FIG. 1: The energy ratio R 0/2 = E(0^)/E(2+) as a function 
of the energy of the first excited 2f state for all even-even 
nuclei with Z > 8. The points above the main trajectory 
are labelled by their (Z, N) values. The solid squares denote 
the experimental values and the open circles denote the cal- 
culated values for some of these nuclei (see text). The three 
unlabelled, calculated points that lie above the trajectory near 
E(2+) ~ 1.0 and 1.3 MeV correspond to 44 . 46 . 48 Ti. 



22 ' 24 Mg, 48 > 50 Cr and 52 Fe with Z and/or N = 10, 12, 24, 
and 26. An important aspect of the anomaly is that not 
all nuclei with N = Z, Z ± 2 exhibit it. Specifically, 
nuclei with N or Z magic or with N or Z — 14, 16, 18 
or 22 lie within the main trajectory. The phenomenon 
occurs when, in the most simple view of shell filling, there 
is an open 1^5/2 shell or an open I/7/2 shell, except for 
N,Z = 22. Any interpretation of this phenomenon must 
account not only for its existence, but also its locus and 
must explain why it is not universal in N = Z and N = 
Z ±2 light nuclei. 

Inspection of the individual excitation energies -E(O^) 
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FIG. 2: The energy ratio i?o/2 as a function of R4/2 for sd and 
fp shell even-even nuclei with 8 < Z < 30. Those nuclei with 
anomalous R0/2 values are labelled by their (Z,N) values. 



and E(2f) shows that the ratio Rq/2 is large for these 
nuclei due to the combination of a large value of -E(O^) 
and a small value of E(2f) compared with neighbors in 
the corresponding mass region. Since small 2^~ excitation 
energies are in general associated with soft or deformed 
nuclei, we investigate the connection between i?o/2 an d 
deformation in Fig. 2, focusing on the region, 8 >Z> 30, 
where the anomalies are located. As a measure of the 
structure, we use the energy ratio R4/2 = E(4i")/E(2 : j l "), 
where R4/2 = 2.0 for spherical nuclei, 3.33 for axially de- 
formed nuclei. As the low 2^ energy suggests, each of the 
anomalous nuclei have R4/2 > 2.4. However, from Fig. 2, 
one can also see that there are several other nuclei which 
have similar structure but do not exhibit an anomalous 
Rq/2- This observation reiterates that the anomaly re- 
sults from a combination of a low 2^~ excitation energy 
and a high 0^ excitation energy. 

The remainder of this paper will focus on the origin of 
the high lying 0^" states in these nuclei using shell model 
calculations. Since the abnormalities in i?o/2 occur for 
nuclei with N Z , an appropriate aspect to consider is 
p — n interactions, which are strong for N = Z nuclei and 
play a significant role in determining their structure |10| . 
Numerous studies of p — n correlations incorporating the 
competition between T = and T = 1 components have 
investigated the energy spectrum as well as the binding 
energy of proton rich nuclei. The large p — n correlations 
at N « Z give rise to several interesting phenomena such 
as singularities in the p — n interaction energy 1 1 ll, I 1 2l 1 1 3| . 
alpha- like correlations fl4| . the Wigner energv|lo|T and 
degenerate T = and T = 1 lowest states in odd-odd, 
N = Z nuclei [3 E E E E3 E3- We can expect 
that large p — n correlations may also contribute to the 
properties of the 0^ state in N w Z nuclei. 

In order to analyze the above behavior of the Oj 
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FIG. 3: Excitation energies of the first excited + and 2 + 
states and as a function of N - Z for the (a) Ne and Mg (b) 
Ti and (c) Cr and Fe isotopes. Ratio R 0/2 = E(0+)/E(2+) 
as a function of N - Z for the (d)Ne and Mg (e) Ti and (f) 
Cr and Fe isotopes. The solid and open symbols denote the 
experimental and calculated values, respectively. The cross 
symbols in (b) and (e) correspond to the second excited + 
state in the Ti isotopes. 



state in N rj Z nuclei, we perform full shell model 
calculations for a wide range of nuclei. For the sd 
shell, with model space ( 1 da p. , 2 s i , 1 da /•>, ) 1 we adopt 



the Wildenthal interaction[22j to perform calculations 
for 20 - 26 Ne, 22 " 30 Mg, 28 " 32 Si, 32 " 34 S, 36 Ar. We note 
that, in terms of energies, the results obtained for the 
sd shell are identical to those obtained in shell model 
calculations by Brown j2^|. For the fp shell, with model 
space (I/7/2, 2^3/2,1/5/2, 2^1/2), we make use of the KB3 
interaction |2^| for calculations on 44 ~ 50 Ti, 48 ~ 54 Cr and 
52-58p e _ p3 uc £ enormous size of the configura- 
tion space for 54 ~ 58 Fe, we employed an extrapolation 
method 25| for the shell model calculations of these nu- 
clei. The calculated values of R0/2 ai 'e indicated by the 
open circles in Fig. 1 and follow very well the exper- 
imental trend. In particular, the large deviations from 
the simple trajectory for the seven nuclei near TV w Z 
are well reproduced. The calculations for the remaining 
nuclei lie within the main trajectory, with the exception 
of 3 points corresponding to 44_48 Ti. This peculiarity 
associated with the Ti nuclei will be discussed below. 

A comparison with experimental 0^~ and 2f energies as 
a function of N - Z for Ne and Mg is given in Fig. 3(a) 
and for the Cr and Fe isotopes in Fig. 3(c). Included are 
all seven nuclei previously highlighted, except for 22 Mg 
which should be identical to 22 Ne assuming isospin in- 
variance. For 20 < 22 Ne and 48 ' 50 Cr, i.e., with N = Z, Z 
+ 2, the O2 energies are large while the 2^ energies are 
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small. As neutron number increases, the 0^" energy de- 
creases and the 2^~ energy increases. In the Mg and Fe 
isotopes, the energy is large only for 24 Mg and 52 Fe 
(N = Z) and then decreases with neutron excess. The 
experimental trends of the Ojj~ and 2^~ energies are repro- 
duced well by the calculations. Figures 3(d) and (f) show 
the corresponding experimental and calculated i?o/2 ra- 
tios. As expected from the discussion of the and 2f 
energies, the ratios for 20,22 Ne and 48 > 50 Cr are large and 
almost two times those of the heavier Ne and Cr isotopes. 
In the Mg and Fe isotopes, however, the ratios for 26 Mg 
and 54 Fe (N = Z + 2, with N = 14 and Z = 28) are 
small while those of 24 Mg and 52 Fe (N = Z) are large. 
Again, the experimental behavior is reproduced by the 
calculations. 

While the anomaly for N~Z and N=Z ± 2 nuclei is 
widespread in the open W5/2 and I/7/2 shell nuclei, it is 
conspicuously absent experimentally in the Ti isotopes. 
In contrast, in these same nuclei, the 0^" state and i?o/2 
ratio is actually very low in energy as seen in Figs 3(b) 
and (e). This result is not found in the calculations. 
They predict the anomaly in 44 > 46 Ti and even in 48 Ti (N 
= Z +4). A recent new effective interaction, GXPFl|26fl . 
yields similar results for the Ti isotopes. The explanation 
of this lies in the well-known presence of low lying + 
intruder states in Ti arising from 2p-2h proton and 2p-2h 
neutron excitations across the Z,N — 20 shell gap, which 
leads to a collective, low-lying 0^ state. This state is 
clearly beyond the space of the present calculations. The 
reason that such a mode is not found in Fe, for example, 
is simply that the excitation of 2 protons from below Z 
= 20 in Fe (Z = 26) would lead to a filled fan proton 
shell with the consequent decrease, rather than increase, 
in the number of valence protons. Indeed, in other nuclei 
with a filled I/7/2 shell, (i.e., 54 Fe) the anomaly is also 
not found. The 0^~ states in the Ti isotopes (crosses 
in Fig. 3) likely correspond to an fp shell excitation 
and their energies are reproduced reasonably well by the 
calculations (open diamonds). 

While we have shown that shell model calculations can 
reproduce the anomalous behavior of -Ro/2i a more de- 
tailed analysis of the calculations is required to under- 
stand how and why such good agreement is obtained. 
We first consider the following Hamiltonian: 

H = H sp + Vint, (1) 

where H sp is the single particle Hamiltonian and Vi n t is 
the realistic shell model interaction, such as the Wilden- 
thal interaction as used in the following analysis. To 
examine the roles of the T = and T — 1 correlations 
in the 0^" state, we separate the shell model interaction 
Vi n t into two parts corresponding to the isoscalar, Vr=o, 
and isovector, Vt=i, interactions as follows: 

V m t = V T =o + V T =i (2) 
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FIG. 4: Correlation energy differences, (Vint) and the corre- 
sponding T = and T = 1 components for the (a) Ne and 
(b) Mg isotopes. 

To examine the contributions of the T — and T = 1 
components in the shell model interaction, we can calcu- 
late their expectation values in the eigenstates of the full 
Hamiltonian, Eq. (1). Since the excitation energy de- 
pends strongly upon the competition between the corre- 
lation energies of the excited state and the ground state, 
we define the following correlation energy difference: 

8(0) = (0) ex - (0)gr, (3) 

where (0) gr and (0) ex denote the expectation values of 
the operator O for the ground and first excited + states, 
respectively, and O is a physical operator such as the shell 
model interaction, Vint or the T = 0, 1 interactions. 

Figure 4 shows the correlation energy difference of + 
states as a function of N - Z in the Ne and Mg isotopes, 
including the shell model interaction energy, (Vint), and 
its decomposition into isoscalar, (Vr=o}> and isovector, 
(Vt=i), parts. From Fig. 4 we see a correspondence be- 
tween the ratio i?o/2 m Fig. 3(d) and the correlation 
energy differences, S(Vi n t)- For each of the Ne and Mg 
nuclei, with the exception of 20 Ne, the T =1 component 
is larger than the T = component. In the Mg isotopes, 
Fig. 4(b), the overall evolution of the correlation energy 
difference, S(Vi n t), follows very closely the behavior of 
the T = component. Both the -R0/2 value and corre- 
lation energy difference are large in 24 Mg and decrease 
suddenly in 26 Mg. This is attributed to the T = com- 
ponent, which displays a singular negative value for N 
- Z = 2, resulting in a sudden decrease in 6(Vi n t)- For 
the Ne isotopes, shown in Fig. 4(a), the T = 1 compo- 
nent remains relatively constant (~3.5 MeV) for N = 10 
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- 14 dropping to ~ 1 MeV for N = 16. Because of the 
nearly constant behavior of the T = 1 component, the 
correlation energy differences in the Ne isotopes follow 
the trend of the T = component, decreasing smoothly 
with increasing neutron number. This behavior results 
in large correlation energy differences in the Ne isotopes 
with N = Z and N = Z + 2, which will generate high 
excitation energies for the 0^" state in these nuclei com- 
pared to isotopes with larger N . Thus, the behavior of 
correlation energy differences, which strongly affects the 
ratio R /2, is attributed to the combined effects of T=l 
and T=0 components. The former contributes the main 
amplitude, while the latter correlates with variations in 

#0/2- 

From the above discussion, we might expect large val- 
ues of the ratio i? /2 IOT ah nuclei with N = Z. However, 
as previously mentioned, not all nuclei with N = Z, Z 
± 2 arc anomalous. The phenomenon occurs when there 
is an open ld 5 / 2 shell or an open I/7/2 shell, except for 
N,Z = 22. We now focus on the N = Z sci-shell nuclei 
and address why only 20 Ne and 24 Mg exhibit large R0/2 
ratios. Figure 5(a) illustrates the excitation energies of 
the 0^" and 2^ states and the corresponding R0/2 ratios. 
Again, the excitation energies are well reproduced by the 
shell model calculations. Compared with neighboring N 
= Z nuclei, 20 Ne and 24 Mg exhibit large excitation en- 
ergies of the O2 states, small excitation energies of the 
2^ states and therefore large R0/2 ratios. The correla- 
tion energy differences, along with their T = and T = 
1 components, are given in Fig. 5(b). The former are 
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large for 20 Ne and 24 Mg and decrease smoothly with in- 
creasing proton number. The behavior of the 0^" states 
in Fig. 5(a) is similar to that of the correlation energy 
differences, 5(Vi nt ), in Fig. 5(b), with the exception of 
36 Ar. A similar behavior as described above is observed 
in the N = Z + 2 nuclei. For these nuclei, only 22 Nc 
displays a large R0/2 ratio and with increasing proton 
number, the ratio decreases rapidly. 



In conclusion, we have investigated the hrst excited 
+ states in light even-even nuclei. It is found that an 
anomaly occurs in the ratio R0/2 = E(0 2 )/E(2i) in some 
even-even N « Z nuclei. The anomaly results from the 
combination of large E(O^) energies and small E(2] 1 ") en- 
ergies. The latter are associated with a softness to defor- 
mation in these nuclei. Shell model calculations repro- 
duce well the observed behavior. Concentrating on the 
Ne and Mg isotopes, the anomalies of the 0^" states were 
analyzed using the correlation energy differences and a 
decomposition of the shell model interaction into T = 
and T =1 components. From this analysis, it is shown 
that the anomalous R0/2 values can be attributed to the 
joint effects of the T = and T = 1 components: the T=l 
component contributes to the main amplitude while the 
T=0 component correlates with the variation of R / 2 ■ 
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FIG. 5: (a) Excitation energies of the 0j and 2f states and 
the corresponding R0/2 ratios for the N — Z sd-shell nu- 
clei. The solid and open symbols denote the experimental 
and calculated values, respectively, (b) Correlation energy 
differences (Vint) and the corresponding T — and T = 1 
components for the N — Z sd-shell nuclei. 
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